Portions of this work were presented in "Laser generated ultrasound sources using polymer Electronic mail: srinath.rajagopal@npl.co.uk. The characterization of ultrasound fields generated by diagnostic and therapeutic equipment is an 2 essential requirement for performance validation and to demonstrate compliance against 3 established safety limits. This requires hydrophones calibrated to a traceable standard. Currently, 4 the upper calibration frequency range available to the user community is limited to 60 MHz.
I. INTRODUCTION 1
Miniature hydrophones manufactured using piezoelectric polyvinylidene difluoride (PVDF) 2 polymer are the standard devices used in the characterization of fields generated by medical 3 ultrasound equipment.
1-3 Recently, robust hydrophones based on PVDF and Fabry-Pérot 4 ultrasound sensors have become available for the characterization of high amplitude fields 5 generated by therapeutic ultrasound equipment. [4] [5] [6] [7] For accurate measurements of the ultrasound 6 fields, these devices need to be calibrated over a sufficiently wide frequency range to enable 7 artefact-free conversion of their electrical signal to a pressure signal. [8] [9] [10] [11] At present, the highest conditions. [12] [13] [14] However, high frequency imaging applications are appearing in fields such as
The primary calibration of hydrophones at most of the National Measurement Institutes, including
22
the National Physical Laboratory (NPL), U.K., Physikalisch-Technische Bundesanstalt (PTB),
23
In this paper, polymer nanocomposites fabricated from multi-walled carbon nanotubes dispersed 1 in three different polymers were evaluated for their suitability as potential broadband, high 2 amplitude and planar photoacoustic sources for application to hydrophone calibration. The 3 manuscript is organized as follows: In Sec. II, the principles of photoacoustic wave generation are 4 briefly discussed, a summary of literature review and a method for fabricating polymer 5 nanocomposite sources is provided. In Sec. III, the details of the experimental setup used to 6 measure the photoacoustic response from the polymer nanocomposites is described. In Sec. IV, 7 the pressure amplitudes and bandwidths of the polymer nanocomposite sources are reported, and 8 their stability under sustained laser pulse excitation is discussed. In Sec. V, the effect of nonlinear 9
propagation on source bandwidth, as well as the bandlimited sensitivity response of the 10 hydrophone used in the measurements are investigated using 1D numerical simulations. 
II. LASER GENERATED ULTRASOUND SOURCES

13
A. The photoacoustic effect 14 When a light absorbing medium is illuminated by an optical pulse, the photons are absorbed by is elastic, and the energy deposition is sufficiently rapid, the pressure rise will propagate away as 18 an ultrasound pulse. [26] [27] [28] For a plane wave of light incident on a medium with a constant absorption 19 coefficient, and in the absence of scattering, the pressure rise, ( ) is given by the Beer-Lambert-
20
Bouguer relation: 
In photoacoustics, although coherent light is not essential, lasers are extensively used to generate 11 the required ultrasound field because they are highly controllable and can offer the short pulse 12 durations required. Photoacoustics in this context is therefore often referred to as Laser Generated
13
Ultrasound (LGUS). The key findings from the literature review of LGUS sources, including 14 pressure amplitudes and bandwidths obtained, are briefly summarized in Table I. LGUS sources
15
were either nanocomposites made of carbon nanoparticles and polymeric materials [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] or absorption, 48 which is not the case for carbon nanoparticles. 49 The size distribution of gold 1 nanoparticles in a nanocomposite and spectral purity of the excitation laser could therefore impact 2 the LGUS pressure amplitude and bandwidth. The coefficient of volume thermal expansion of the 3 polymer is directly proportional to the amplitude of the LGUS. Therefore, polydimethylsiloxane 4 (PDMS), which has the highest volume thermal expansion coefficient of 340 × 10 −6 K −1 has been 5 predominantly used as the matrix material in the fabrication of nanocomposites for LGUS (see 6   Table I ). Table I . Summary of a literature review of various photo-absorptive nanocomposite sources.
MWCNT-Multi-walled carbon nanotubes, CSNP-carbon soot nanoparticles, CNF-carbon nanofibers, CB-carbon black, rGO-reduced graphene oxide, Au-gold, Al-aluminum, PDMS-polydimethylsiloxane, PMMA-polymethylmethacrylate, -laser wavelength, -laser pulse duration, LGUS-laser generated ultrasound, *-indicates estimated values from the data reported within each paper.
nanocomposites have been widely tested for the laser generation of high amplitude ultrasound 1 compared to other allotropes of carbon (see Table I ). The goal of this study was to develop a LGUS 2 source for application to the calibration of hydrophones, therefore, the stability of the source over 3 the duration of the calibration is an important factor. The stability of PDMS-based nanocomposites 4 under sustained pulsed laser excitation has not previously been reported. Therefore, two other 5 polymers matrices were included in the scope of this exploratory work: i) epoxy resin -given its 6 widespread use in industrial applications due to its high mechanical strength, thermal and chemical 7 resistance, and ii) polyurethane -for its application as phantoms in ultrasound quality assurance 8 measurements.
10
The MWCNT (Haydale Ltd, Ammanford, Carmarthenshire, U.K.) were mechanically dispersed in 11 the polymer using a high-speed shear mixer (DAC 150.1 FV-K, SpeedMixer™, High Wycombe, 12 U.K.). The MWCNT, polymer and catalyst (curing agent) were all combined by their mass 13 fractions (see Table II ). The MWCNT were dispersed in the polymer at 3500 rpm for 2 min 14 followed by addition of the catalyst, and shear mixed again at 3500 rpm for 2 min. A total of 27 15 variations of the photo-absorptive nanocomposites (PNC) were prepared. The polymer type, 16 weight fraction (wt%) of MWCNT in the polymer and the thickness of each of the 27 PNC sources 17 were different. The polymer types were epoxy, polyurethane (PU) or PDMS; the three wt% of 18 MWCNT in the polymer were 1.25, 2.5 or 3.5 wt% and the nanocomposite thicknesses were 18 -19 30 μm, 40 -60 μm or 50 -70 μm. The MWCNT-polymer mixture was used to coat a laboratory-20 grade glass slide using a blade film applicator (Sheen Instruments, West Molesey, U.K). In this 21 technique, a height adjustable knife-edged metal frame attached to a micrometer controls the gap 22 clearance relative to a flat surface e.g., a glass slide. A thin film is produced when the excess mixture smeared on the glass slide is removed by sliding the knife-edged metal frame over the 1 length of the glass slide. A glass-backed PNC source was formed after oven-curing the thin film 2 (see inset of Fig. 1 ). The optical absorption coefficient, a , of the PNC sources were measured 3 using a spectrophotometer (Perkin Elmer, Waltham, Massachusetts, USA) over a wavelength 4 range of 500 to 1100 nm in 10 nm steps (see Table III ). The measurements of a were made on 17
5
-31 µm thick PNC sources, as the thicker sources proved to be too absorbing for the 6 spectrophotometer. The central region of the coating over an area of approximately 2 × 5 mm was 7 used for the measurements. The increase in a is nearly linear with wt% of MWCNT for the case 8 of epoxy and PDMS based PNC sources but not for PU based PNC source. The nonlinear increase 9 in a for PU may have been due to nonuniform dispersion of MWCNT.
11
The measurements of a suggest that the PNC sources should be ideally equal to optical absorption 12 depth (1 a ⁄ ). For the case of 3.5 wt% MWCNT in PDMS the optical absorption depth estimated 13 from the measured value of a = 245 mm −1 (see Table III ) is 4 µm. For thicknesses below 10 µm 14 factors such as the resolution of the micrometer of the film applicator, parallelism of the glass slide 15 and flatness of the platform on which the glass substrate was attached to lay the film affect the 16 achievable thickness. Therefore, on a best endeavor basis PNC sources of ≈10 µm thickness were 17 fabricated and only one sample each of epoxy, PU and PDMS based PNCs with 2.5 wt% MWCNT
18
of ≈10 µm thickness were produced for experimental evaluation. The test setup used to measure the LGUS responses from the PNC sources is shown in Fig. 1 . A 5 Q-switched flash lamp pumped Nd:YAG (neodymium-doped yttrium aluminum garnet) pulsed 6 laser (Nano 120-S, Litron Ltd, U.K.) operating at 1064 nm with a full-width half-maximum of 4 ns 7 and a peak energy of 120 mJ per pulse was used for the study. The expanded beam from the laser 8 was homogenized using a 1500 grit ground glass optical diffuser (ODI). The homogenized beam 9 was weakly converged using a plano-convex lens of 100 mm focal length to minimize the losses 10 due to scatter caused by the ODI before passing through the clear polymethylmethacrylate field in the x-and y-dimensions at the peak position of the raster scan is shown in Fig. 2 .
The LGUS field shown in Fig. 2 assuming the geometrical diameter of 0.2 mm as the effective hydrophone diameter, the magnitude 10 of the spatial averaging error was calculated to be less than 0.05%. 
C. Hydrophone response 1
The electrical response of the LGUS pulse acquired from the hydrophone at an axial distance , 2 ( , ) was converted to a pressure pulse, ( , ) via deconvolution 24 using the complex 3 hydrophone sensitivity:
Here, ℱ and ℱ −1 are the Fourier and inverse Fourier transforms in time respectively, and ( ) is 6 the complex frequency-dependent sensitivity response of the hydrophone. The UT1602 7 hydrophone was calibrated for its magnitude sensitivity and phase response between 1 and 60 MHz 8 using a substitution method. 13, 14 The frequency response of the hydrophone was also predicted 9 from 1 to 110 MHz using a 1D analytical model previously developed at National Physical
10
Laboratory. 54 An agreement between the measured and modelled response was obtained by 11 optimizing the model input parameters (see Fig. 3 ). The measured phase response was obtained 12 using a relative technique, which requires the magntiude sensitivity of the reference hydrophone 13 to be flat implying the underlying phase response is a constant function of frequency.
12,14
14 Therefore, the technique used to measure the phase did not extend beyond 40 MHz. The gray The uncertainties increase from 4.7% to 38% with frequency for the magnitude sensitivity and for phase it is 0.001 rad to 3.0 rad.
1
Since the sensitivity response of the hydrophone is not known beyond the extrapolated frequency The regularization of the deconvolution of hydrophone waveforms is currently an active field of 11 study 4,10,14,55,56 but there is no standardized approach. A method to estimate the uncertainty bounds of the deconvolved hydrophone time-series waveform has been recently developed 57 , which may be useful when reporting of absolute exposure parameters from medical equipment is required for 1 regulatory purposes. Since the primary aim of the present study is to assess the relative 2 performance of 27 different PNC sources for their suitability as an ultrasound source for 3 hydrophone calibrations, the regularization procedure described here was deemed sufficient. conditions, is largely governed by the polymer's coefficient of volume thermal expansion, β.
12
According to the manufacturer's specification and from the literature, the coefficient of volume 4(c)) from 1.25 to 2.5 wt% increased the peak-positive pressure from 6.2 to 6.7 MPa whereas at 20 3.5 wt%, the pressure increased only slightly more, to 6.8 MPa. Given the sound-speed of cured
21
PDMS as 0 = 1050 m • s −1 , and using the optical absorption coefficients, in Table III, the   22 acoustic relaxation time ( 0 ) −1 can be calculated for 1.25, 2.5 and 3.5 wt% CNT in PDMS to be 14, 5.7 and 3.9 ns respectively. Since the duration of the laser pulse of 4 ns is approximately 1 equal to the acoustic relaxation time for the case of 3.5 wt% MWCNT, the pressure confinement 2 condition is not satisfied, i.e., the pressure wave starts to leave the heated region before the heating 3 is completed, thereby limiting the magnitude of the acoustic pulse. In contrast, the nonlinear increase in pressure amplitude with fluence observed in this study is 4 attributed to the nonlinear propagation coupled with acoustic absorption of the high amplitude
5
LGUS pulse in water. It was also observed that the nonlinear increase in pressure amplitude (see Finally, the thickness of the PNC source should be ideally equal to the optical absorption depth, to the glass surface is affected by the surface chemistry, so precautions were taken during 9 fabrication to clean the surface of the glass to remove dirt and grease using acetone and methanol. LGUS output gradually decreases, then a gradual change in sensitivity can be expected over the 8 duration of the calibration. The slope of the characteristic trend can then be used to apply an 9 approximate correction to remove the gradual change in the sensitivity provided the random 10 uncertainty in the calibration data is better than 1%. The polymer was loaded with 2.5 wt% MWCNT and the PNC is approximately 10 µm thick. The plotted curve was computed by normalizing the peak-positive voltages of the hydrophone measurements, which were not corrected for laser fluence variations. The decrease in normalized output from the PNC over time does not correlate with laser fluence variations. The variation in the laser output was found to be random with better than 2% variation after a warm-up period of 30 mins.
The PNC film detachment from the glass surface in the case of epoxy and PU-based PNCs is 1 currently hypothesized to be due to its weak adhesion to the glass surface caused by hydrophilic 2 nature of the polymer matrices. For a thicker PNC film, the water take-up and/or ingression may 3 be slower, affecting the adhesion differently, which remains to be tested. But increasing the PNC 4 thickness affects the bandwidth of the LGUS pulse due to increased ultrasound absorption with 5 frequency compared to water. Therefore, epoxy or PU is not a preferred polymer matrix for the 6 present application. Although, only four PDMS PNC sources were tested for stability, the results 7 favor PDMS over epoxy and PU-based PNC sources. However, more PDMS PNC sources will be 8 tested in a subsequent study to gain further understanding of the source behavior under extended 9 laser pulse excitation. 
V. NUMERICAL SIMULATIONS
12
A. Acoustic propagation model 13 In Sec. IV it was hypothesized that the broadening of the time-series pressure pulse and the 14 consequent reduction in bandwidth (−6 dB) as the amplitude was increased was caused by the (1), / -nonlinear parameter of water, 0 -sound-speed of water, 0 -ambient density of water, -frequency in MHz, ( )-frequency dependent acoustic absorption of water, 1 , 2 and 3 -specified grid points for recording time-series pressure-pulse, ( , ). The grid is not to scale.
11
The schematic of the 1D numerical grid to investigate the effect of nonlinear propagation is shown 12 in Fig. 8 . The PNC medium was modelled as water. However, this will have little effect on the The steepening of the pressurepulse is accompanied with broadening of the time-series, which is prominent for the case of 40 mJ • cm −2 and a propagation distance of 3.0 mm is seen in (c). The optical absorption depth for this simulation was set to 50 µm to emphasize the effect of wave shape transformation due to cumulative acoustic nonlinearity.
The time-series pressure pulses shown in Fig. 9 correspond to simulation results for an optical 12 absorption depth of 50 µm, which was chosen to emphasize the effect of wave shape 13 transformation due to cumulative acoustic nonlinearity. The time-series recorded at 0.2 mm from −2 . But as the wave propagates further away from 0 ( ), the cumulative acoustic 1 nonlinearity increase transforming the steep edge of ( , ) in the direction of propagation. The 2 degree to which the wave shape transforms to a steepened wave is dependent on both the 3 propagation distance and the amplitude of 0 ( ). This progressive change can be seen in Fig. 9(a) 4 through to Fig. 9(c) . These simulations suggest that the LGUS pulses seen in measurements for The effect of acoustic absorption and time-series broadening due to nonlinear propagation on the 10 pressure amplitude and bandwidth (−6 dB) are shown in Fig. 10 and Fig. 11 respectively. The Fig. 11(b) , which overlaps with the source-sensor separation of the measured data.
15
The simulations correspond to an optical absorption depth of 10 µm. The measured results from 16 an epoxy PNC of 10 µm thickness with 2.5 wt% MWCNT are shown in Fig. 10(c) and Fig. 11(c) 
17
over the same fluence range but the closest source-hydrophone distance was 3.9 mm as opposed 18 to 0.2 mm in the simulations. This is because the hydrophone signal chain was susceptible to radio- the signal-to-noise will be lower. Therefore, the measured displacement or velocity from the 10 interferometers will be lower increasing both the random and systematic uncertainty of the 
12
The amplitude of 0 ( ) was varied by scaling the Grüneisen parameter, such that the amplitude sources. This is because the pulse broadening due to cumulative acoustic nonlinearity is more 10 clearly discernible in these simulations. The reason is that the pressure output from PDMS-based
11
PNC was approximately a factor of two higher than epoxy or PU-based PNC, so the pulses had by the cumulative acoustic nonlinearity due to propagation of high amplitude LGUS in water.
VI. CONCLUSION
1
LGUS pulses from PNC sources made of bulk polymer matrix dispersed with MWCNT on a 2 laboratory-grade glass slide were examined as a function of polymer type, MWCNT weight 3 content in the polymer, PNC thickness and laser fluence. The study found that:
• for nominally identical PNCs and a given laser fluence, the amplitude of the LGUS was found 6 to be directly proportional to volume thermal expansion coefficient of the polymer.
7
• for a given duration of the laser pulse, increasing the MWCNT content did not increase the
8
LGUS response since the acoustic transit time across the optical absorption depth is shorter 9 than the laser pulse duration, limiting the stress confinement due to medium relaxation.
10
Similarly, the PNC source thickness should ideally be equal to the optical absorption depth to 11 minimize acoustic attenuation and loss of bandwidth.
12
• the peak pressure from the PNCs was found to be nonlinearly dependent on the laser fluence 
17
• the changing wave shape coupled with rapid absorption of high frequencies in water relative 18 to lower frequencies resulted in loss of both amplitude and bandwidth as confirmed with 19 measurements and modelling studies.
20
• a preliminary study of the stability of the PNCs under sustained laser illumination revealed that 
